The design and rationale behind a novel music and sound controller is described. Using an array of eight low-cost infrared distance measuring sensors, the system enables users to trigger and manipulate sounds using MIDI messages. Although the controller can facilitate complex musical interaction, providing eight note polyphony and expressive control, the central theme of the project has been one of accessibility. The controller is designed to be used in a variety of settings by users with special needs and has been designed to be both intuitive to play and easy to set up. An ongoing programme of user-testing is described and discussed alongside design modifi cations and future directions within the project.
Introduction
Music is a powerful and rich means of communication and self-expression. However, the traditional musical instruments with which we interact to play and respond to each other ' s creative ideas can present both physical and cognitive challenges to individuals with specifi c needs. Although there are formal musical constructs that we can adhere to when describing musical activities, the fundamental process we are considering here is an individual ' s desire to externalise that which is initiated internally; realising the sounds we can ' hear ' inside. Key texts on improvisation and community music (1, 2) suggest methods for helping in this process, encouraging modes of working that occasionally abandon the more formal musical constraints to enable anyone at any level of musical ability to engage with some level of musical dialogue. Beyond the use of novel approaches for sharing or, perhaps, discovering what ' music ' can be, practitioners in community music will generally consider any object that can produce sound as being a valid musical instrument. This general appreciation that new and novel approaches to the creation and control of sound can make music-making signifi cantly more accessible has led to the design of numerous novel musical instruments. Indeed, one or two such devices can now be regarded as almost standard classroom accessories in many special needs schools.
Soundbeam and MIDI creator
Originally conceived as a device to enable dancers to trigger and control sound and music, Soundbeam (3) presents the user with an invisible keyboard that can be triggered with any part of the body. An ultrasonic beam is generated across a given space and the length of the beam can be set such that it can be relatively local to a user ' s position or perhaps placed across the entire space. Notes are triggered by interrupting the beam at any point with a variety of musical mappings being available to dictate which pitch or sound is generated. Soundbeam is undoubtedly exciting to use and is very much commonplace in special needs schools within the UK. A similar approach to interacting with sound and music is offered by the MIDI Creator system. Various input devices (proportional or switch) can be connected to a central unit that maps sounds onto the actions being monitored. The devices include single switches, pressure pads, tilt sensors, light sensors and more. It includes a Gesture module that functions in a similar way to Soundbeam, using an ultrasonic beam. Originally developed at York University, the system was popular whilst available commercially but was eventually discontinued with a view to redeveloping and improving the system. It is diffi cult to determine whether the appeal emanates mostly from the novelty of interaction being offered or the empowerment of the individual to create musical ideas. What is most apparent, however, is that such systems are undoubtedly ' fun ' to work with; just a short time observing someone playing with the device will demonstrate this rather clearly.
Observations from practitioners
Although both systems offer exciting and novel ways to interact with music and sound, there are also some constraints which can make some musical activities diffi cult to achieve; playing more than one note, for example, or adding expressive change through dynamic or tonal change. The project described in this article was conceived with these issues in mind, investigating whether there might be an alternative but complementary approach that could be explored.
Visits were made to several special needs schools in the North of England and South Wales where observations were recorded on the use of special technology in musical activi-ties that were considered signifi cant within the scope of the project. Key within these fi ndings was the question of whether the educators could be regarded as either music specialists, technology specialists or possibly both. To fully explore the potential of the systems described earlier, the expectation is that the operator will be ' musical ' enough to understand how the instrument can be set-up and confi gured to achieve specifi c musical ideas. It is also expected that the operator will be comfortable enough with technology in general to confidently set-up and confi gure the device in the fi rst place. It was quickly noted that this is often not the case. A common picture was observed of technology being perhaps under-used as a result of a lack of experience and knowledge in either music or technology. It was generally acknowledged that the systems would tend be left in default settings or that one person would be regarded as the sole specialist. By way of example, in one school in South Wales the technology coordinator helped simplify the task by creating settings for staff that corresponded to a pupil ' s name. It was also acknowledged that the general complexity of set-up or perhaps reliance on another ' s help in this way is likely to dictate whether the device is used in a session at all. A repeated suggestion was that it would be benefi cial to have a standalone instrument that is easy to operate with little to no confi guration. One member of staff provided a more detailed suggestion for a system that would offer all the fun and accessibility of novel interaction but with the simplicity of operation offered by a home keyboard. This was reinforced on another visit where portability was suggested as being an issue. This was clarifi ed as being in reference to a system being described as ' portable ' because it can be disassembled and reassembled elsewhere in comparison to simply being picked up and moved.
Methods

Project aims and objectives
As suggested earlier, the rationale behind the project was one of designing a musical ' instrument ' that would complement the existing technologies in the way that different musical instruments are brought together to form ensembles. The brief for the new design would need to maintain the overall appeal of ' fun ' and accessible interaction whilst also addressing the various issues identifi ed by the special needs educators that were consulted. There were other factors that contributed to the design brief, however. Electronic musical instruments can allow the performer to produce a signifi cantly more complex musical event than their actions might have initially suggested. With this in mind, Malloch et al. (4) have proposed a simple framework for describing modes of performance behaviour within a context of digital-musical-instrument design. Although perhaps incomplete if scrutinised at depth the starting premise is a useful one. The framework proposes that there are three modes: skill-based, rulebased and model-based. Of these, the mode of performance behaviour most similar to that of playing a conventional instrument lies within the skill-based domain. The implication is that the user will be reacting in real-time to a continuous audio-stream. The other two models of performance behaviour operate at increasingly abstract levels of interaction with the user ' s interaction being less and less involved in terms of overall control and ' connection ' with the sounds being made. A subtle shift away from a skill-based approach towards one that is rule-based might appear to empower the performer to some extent. However, as argued by Healey (5) , there is a potential for the technology to be so fi rmly integrated in the generation and control of the musical events that the creative ' ownership ' becomes questionable. Thus, there is a balance to be found between the use of assistive technology to achieve specifi c musical outcomes whilst not challenging the performer ' s feeling of ownership and connection with the music itself.
Initial design brief
The fi nal design brief was as follows:
To design an accessible musical instrument based on the acknowl-• edged appeal of established systems.
To bring additional musicality to the instrument in the form of • polyphony and dynamic and/or tonal expression.
To offer a mainly skill-based approach to performance behaviour • -maintaining the connection between performer, actions and musical events.
For the instrument to be of use across a broad range of musical • abilities.
For the instrument to function as a stand-alone system. • For the instrument to be simple in operation.
• For the instrument to be intuitive in performance.
• For the system to be portable. •
First prototype
In answer to this initial brief, a fi rst prototype design was developed. Originally labelled the " Benemin " , the system has been through several redesigns based on feedback from user testing and is still undergoing further adaptations in response to commercial interest and is now called the " Octonic " . The results and subsequent modifications are described in the following section but the core technology and functionality has remained relatively consistent throughout.
It was recognised rather early into the project that the ' invisible ' keyboard model could be mapped onto an array of sensors where each sensor would correspond to a note with distance within the beam corresponding to an altered level of expression (volume or tone, for example). Ultrasound sensors will interfere with one another if placed in close proximity such that creating a closely spaced array could be problematic. A simple and cost-effective solution was identifi ed in an infrared distance measuring device that had previously been employed in a musical device called the " Dimension Beam " . This was originally manufactured by the US company " Interactive Light " and employed a linear-mapping of musical notes similar to that offered by Soundbeam. However, the underlying sensor technology used was based on infrared light. Work by Brooks (6) has already demonstrated the potential for such devices when used within a context of rehabilitation. These were used alongside ultrasound devices in an interactive virtual space where users with profound learning diffi culties engaged with various stress-relieving exercises. In the environment, actions were mapped to sounds, images and robotic movement with positive results from the participants. Brooks ' system was also confi gurable to allow individuals with a range of disabilities to engage with therapeutic activities based on their individual needs. A further study by Brooks et al. (7) incorporated three Dimension Beams as an array, these being connected to a computer running external software to control sound and images. Although these infrared devices have a more restricted operational range (ca. 10 -80 cm), this was regarded as satisfactory given the probable skill-based mode of interaction.
The current working prototype within the Octonic project is based on the Sharp GP2Dxx series of infrared (IR) distance measuring sensors. These are particularly versatile sensors that are commonly used in robotics for detecting objects within a limited fi eld or ' beam ' . Discussion on the relative merits of IR sensors is provided by O ' Sullivan and Igoe (8) and also by Miranda and Wanderley (9) . Essentially, each sensor unit includes an IR transmitter-receiver pair that provides continuous feedback on whether an object is within the ' beam ' of the sensor. Although these have a shorter range than ultrasonic sensors they are less costly and also more self-contained. GP2Dxx sensors are available as digital output devices (providing logic-high or logic-low according to a distance threshold) or as analogue output devices (providing a voltage that represents the distance from the object to the sensor). These units require only minimal additional electronics making it relatively easy to incorporate a number of them into an array.
For the initial system, eight sensors were attached in line to a lightweight curved-frame with the sensor ' beams ' orientated upwards in front of the performer ' s body. This curved layout was for practical reasons rather than aesthetic because IR sensors of this type can have a tendency to trigger neighbouring units that are in close proximity if their beams overlap. The curvature of the frame aids in pointing the sensors away from each other slightly such that the distance between any two can be kept to a usable size (approximate to a hand ' s width). The overall height of the frame above its base was 22 cm and the overall span between the extreme sensors was 92 cm, with a distance of approximately 14 cm between neighbouring sensors.
A programmable microchip was used to run software that maps the change in voltage onto standard MIDI note and/or controller messages which are then relayed to any hardware or software soundgenerating device that is connected. The system can be regarded as being eight-note polyphonic as all sensors are read and acted upon independently of each other.
Functionality
The Octonic can be used in two different ways depending on the nature of the hardware it is controlling. In its fi rst mode (instrument), the system simply transmits Note On and Off messages accordingly as an object enters or leaves a beam; these messages have a velocity (loudness) that corresponds to the distance from the sensor to the object (fi nger, hand, arm, etc.). This is useful for working with standard MIDI sound modules or synthesisers with the controller functioning in a similar manner to a MIDI keyboard. The pitches produced are currently taken from predefi ned scales and modes that are mapped from left to right (lowest pitch to highest pitch). In this mode, the controller can be thought of as a diatonic instrument where each note is a specifi c step within one of several available scales (major, natural minor, harmonic minor, pentatonic, blues, dorian, mixolydian, etc.). Although these scales are currently predefi ned, it would not be diffi cult to introduce some level of user programming to this aspect. In the current version, instrument is the default mode along with a scale mapping of C major starting at middle C.
In its second mode (controller), the Note On and Off messages are still transmitted but there is an additional stream of controller messages available whilst the object remains within the beam. These change accordingly as the object is moved closer or further away from the sensor. The MIDI specifi cation does not allow for individual note volumes to be changed dynamically but it is possible to incorporate this effect using sound programming environments such as MAX MSP and Reaktor. This mode provides the basis for achieving some level of expressive control. A Note On message can be used to trigger a sampled pitch or sound, the subsequent controller messages can then be used to alter the sound dynamically. This could be used to alter loudness of an individual note but could equally be used to alter its tone.
Results
The Octonic system has passed through several cycles of testing and subsequent modifi cation. In its initial design, the instrument was essentially constructed on a test frame that allowed the spacing between sensors to be altered and for the general curve of the array to be increased or decreased. This rather crude prototype was fi rst tested with young adults from a special needs school in the Bradford area of the UK. A more refi ned version has since been tested with a group of adults with various physical disabilities from South Wales and has been exposed to several smaller case study experiments with undergraduates working in improvisation and community music.
Stage one testing
Observation within stage one testing quickly demonstrated that the original shape of the device was not as effective as originally anticipated. This was not completely surprising as the curved shape, height, width and layout of sensors on the fi rst prototype were based on relatively arbitrary measurements. There are several issues that are worth discussing here, the fi rst being that the overall height of the sensor array appeared somewhat awkward to reach for a user with limited upper-body mobility. As described earlier, the array was mounted on a curved frame to point neighbouring sensors away from each other to reduce spurious triggering. The original slope of the curvature needed to be reduced signifi cantly to help make this less of an issue; however, the curvature does need to be maintained to some degree. It was also recognised that the curved nature of the frame could be an asset for wheelchair users, allowing the device to be placed across the user ' s lap whilst still being easy to reach all of the sensors. In a similar way, the width of the array was also an issue in terms of being able to reach the extremities. The width, in part, was governed by the number of sensors in use. Eight sensors are available but really only to provide enough notes to produce usable musical scales. When used in a cause-and-effect style activity this number could be greatly reduced. In addition, the spacing between sensors was originally set to be similar to the width of an adult hand. Reducing this to be closer to that of a child ' s hand allows the sensors to be placed more closely together.
Following the notion of improvised play as supported within the context of community music, individuals within the different groups were allowed to simply try the instrument and improvise with the sounds as they wished. The results were videoed as a record and also to allow subsequent analysis of specifi c actions or events. It was rewarding to observe that users were able to exhibit considerable independence whilst improvising with the system, creating melodies and rhythms spontaneously. One key observation on this has been that it would be desirable to integrate several easily accessible switches that change one or two very basic settings, e.g., type of sound and/or type of musical scale. This level of autonomy in changing sounds would be particularly liberating both for the user and educator alike. It was immediately apparent that the ' fun ' nature of the interaction was an attractor for individuals within the group with users returning to the instrument frequently and needing little or no encouragement to play with the system. Users were observed trying to interact with the system in contrasting ways. For example, one user began by attempting a ' tapping ' motion towards the sensors and then gradually adopted a more appropriate hand motion above the sensors. Another user was using a gentle pushing movement towards the sensors which sometimes failed to trigger the sensor. Yet another user began at one end of the instrument with the sensors making a line perpendicular to their body, similar to the strings on a harp. Although the original design of the instrument had a particular style of gesture in mind, it must now be observed that there are likely to be several alternate styles of interaction that might be more intuitive or, perhaps, physically less demanding depending on the abilities of the user. These are being observed and recorded during close-observation sessions such that they can be compared and contrasted with one another in future designs.
Some users were also observed moving their hands towards or away from sensors whilst a note is currently sounding; this being an apparent attempt to alter the character of the sound in some way. As identifi ed earlier, the ability to dynamically change the loudness or tone of a sustained note can be a simple yet very expressive device. Although this feature is available within the system, it was not yet a default setting. It appeared that if the feature was to be made available in this way that it would be both instinctive and intuitive in operation. By placing an object into a ' beam ' a sound is produced; if the object is then moved, the tone or volume of sound is affected to some degree.
Stage two testing
A more complete housing was designed for the stage two prototype that incorporated many of the features that had been identifi ed as useful from stage one testing. The curvature of the array was less severe and the spacing between sensors was signifi cantly reduced. The default settings allowed for individual notes to be sounded with expressive control and buttons were added that allowed the user to scroll through available sounds. At this stage the unit was still reliant on an external sound source with MIDI messages being transmitted externally. The unit had a cantilever design (arm over base) to offer stability on a table-top and the plastic body was lightweight and portable.
As with previous testing, a video record was kept of the testing which took the form of an afternoon ' s practical music workshop. Again, adopting techniques used in community music, two small groups (5 -6 in each group) were encouraged to play freely with the instrument, although in this context the activity was a collaborative music-making activity alongside other instrument technologies (traditional and novel). On a fundamental level, the results were very promising as the instrument integrated well into the ensembles and proved to be intuitive, easy to use and creative in its application. At another level, the various modifi cations were also shown to be successful. However, the move to a cantilever design (arm over base) counteracted any probable benefi t to wheelchair users that the natural curvature affords. There were two wheelchair users present and both found the design awkward to access. A simple modifi cation would be to enable the arm to be rotated out of line with the base if needs be.
Case studies
An ongoing series of projects in improvisation and community music has been initiated for undergraduate students in Popular Music at the University of Glamorgan. Students are able to use the device as part of their studies and the results and observations from their work are being fed back into the project as a whole. Within this, one student in particular was able to use the instrument to engage with her practical improvised sessions in place of her fi rst study instrument. This was an unplanned but highly productive study that came about as a result of the student suffering from a prolonged wrist injury. She was unable to move her fi ngers independently but could move her hand easily. Using the Octonic (in its second design), she was able to contribute to practical sessions demonstrating that a user can quickly and easily create, and respond to, melodic ideas within the context of a music-focused curriculum in Higher Education.
Performance testing
Testing is also being carried out within a series of ongoing live improvised performances by users without specifi c needs (10) . The aim here is simply to monitor how well the system performs (e.g., sensitivity, usability, reliability, interference, etc.) within the context of specifi c performance activities. This has been particularly useful in terms of identifying several software ' bugs ' but also in terms of assessing the impact of different lighting conditions on the reliability of the sensors in use.
Discussion and conclusions
Initial testing of the Octonic system has shown that the device has considerable potential as an accessible musical instrument for users with specifi c needs. Users with moderate learning diffi culties and/or physical disabilities have been observed working with the instrument in a variety of musical contexts including collaborative activities. The instrument has been shown to be of worth musically, allowing the performer to work independently, expressively and creatively whilst also using interaction which is both intuitive and accessible. Testing is still ongoing but a ' core ' design has been formed that captures the optimum set-up and functionality from earlier prototypes and places them in a robust lightweight and portable casing. It has been recognised that the natural curvature of the sensor array could be of signifi cant benefi t for wheelchair users but that the cantilever design of the second prototype counteracts any noticeable advantages. To allow for this within the overall design does not seem likely to be counterproductive in terms of general accessibility such that the any future modifi cations will refl ect a user group that includes wheelchair users. Further work is anticipated that will focus on modifi cations that will allow the system to be customised around individual needs where possible.
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